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1
METHOD FOR PROVIDING UNIFORM
DISTRIBUTION OF PLASMA DENSITY IN A
PLASMA TREATMENT APPARATUS

FIELD OF THE INVENTION

The invention relates to the field of semiconductor produc-
tion, in particular to a method for providing uniform distri-
bution of plasma density in a plasma treatment of semicon-
ductor wafers in ICP plasma treatment apparatus. More
specifically, the invention relates to a method for high unifor-
mity of plasma generated in the plasma process chamber
between the showerhead and an object being treated, espe-
cially in plasma process chambers for treating large area
objects where the size of the showerhead becomes approxi-
mately on the same order as the wavelength of the plasma
generating RF field.

DESCRIPTION OF RELATED ART AND
BACKGROUND OF THE INVENTION

The fabrication of integrated circuits (IC) in the semicon-
ductor industry typically employs plasma discharge, espe-
cially a capacitively coupled plasma (CCP) discharge, to cre-
ate and assist surface chemistry within a processing chamber
necessary to remove material from and deposit material onto
a substrate. Wafer size continuously increases and after tran-
sition from 300 mm has already reached 450 mm in diameter.
Therefore, the wafer surface area has increased by 2.25 times,
and providing the required plasma density for the etching
process becomes a problem.

For a 450-mm wafer, the scaling method that previously
has been successfully used does not apply and needs some
correction in order to compensate for the increase in RF
generator power. This occurs because after exceeding some
critical value, further increase of RF power will lead to extra
high voltage and to electrical breakdown and arcing inside the
plasma processing chamber. This drastically reduces reliabil-
ity and cost of the system.

However, even though the RF power used for supporting
the plasma etching processes is increased, in treating wafers
of'increased diameters, simple scaling of tools in accordance
with Moor’s Law can be used to some extent, taking into
account similarity in design, technology, etc. One solution to
this problem is based on the fact that an increase in frequency
improves power coupling of the showerhead (as an electrode)
with capacitive discharge. This, in turn, improves power cou-
pling to the plasma. Plasma density also increases since
plasma potential is increased. At the same time, sheath
screening decreases. High-frequency excitation allows for
obtaining much higher ion fluxes (i.e., plasma density) than
the classical 13.56-MHz excitation at the same RF power.

However, at frequencies much higher than 13.56, the elec-
tromagnetic effects cause some problems that deteriorate the
uniformity of plasma density. This nonuniformity may result
mainly because of the following three factors: (1) the stand-
ing-wave effect that influences RF power deposition at the
center of the plasma bulk; (2) an edge effect known as the
“telegraph effect,” which is caused by the reflection of RF
power from the edges of the showerhead and is characterized
by some plasma density perturbation in the vicinity of the
edges; and (3) the skin effect, which enhances RF power
deposition near the edges of the showerhead and tends to
increase the local plasma density in the vicinity of the edges.

All of these factors cause drastic changes in distribution of
plasma density and ion flux and eventually result in nonuni-
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formity of etching. In other words, enhancement of unifor-
mity is a key concern for transition to high-frequency excita-
tion.

All current capacitively coupled plasma (CCP) tools are
built on the principle of using dual frequency for separately
controlling the amount of ions and radical fluxes on one hand,
and, on the other hand, distribution of ion energy applied to
the wafer. A reactive ion-etching system with dual frequency
typically consists of a parallel-plate plasma-etching chamber
where a CCP discharge is generated between an upper elec-
trode or cathode and a lower electrode with a wafer. A con-
ductive silicon wafer held by an electrostatic chuck is sur-
rounded by a silicon focus ring and a dielectric outer ring. The
wafer, the electrostatic chuck, and the focusing ring are com-
bined into a wafer system. Both electrodes (cathode and
wafer) are joined through matching networks to separate RF
generators with frequency ratios from (10:1) to (10:5), where
a higher-frequency generator is connected to the upper elec-
trode (cooler plate), and another generator that operates at a
lower frequency is connected to the wafer system through a
blocking capacitor.

These two sources must be decoupled since the upper
electrode operates at high frequency, e.g., 150 MHz, and the
low electrode operates at low frequency, e.g., 13.56 MHz.

FIG. 1 is a schematic transverse sectional view of a show-
erhead/cooler plate assembly that consists of a showerhead 20
and a gas-feeding cooler plate (hereinafter referred to as
“cooler plate”) 22, which when assembled is pressed against
the showerhead 20. Due to a recess 24 machined on the
surface of the cooling plate 22, a cavity is formed between the
mating faces of the showerhead 20 and the cooler plate 22. In
FIG. 1, reference numeral 26 designates a chuck that holds an
object to be treated in a processing chamber (not shown), e.g.,
a semiconductor wafer W.

FIG. 2 is a three-dimensional view of the cooler 22 on the
side opposite to the shower head 20 and facing the manifold
head (not shown in FIG. 2) and contains a manifold pattern of
radial grooves 22-1, 22-2, . . . 22-r and concentric grooves
22'-1,22'-2,...22"-m.

FIG. 3 shows a view of the cooler plate 22 on the side 30
that faces the showerhead 20. The structure shown in FIGS. 1,
2, and 3 relates to a conventional plasma-treatment apparatus
designed to treat 300 mm wafers. To provide uniform etching
of the wafers with an outside diameter of 300 mm, the show-
erhead 22 should have a diameter of ~380 mm. Furthermore,
the showerhead 22 should have a pattern of ~900 mm uni-
formly distributed through gas passages 30a, 305, . . . 30k
(FIGS. 1 and 3) having diameters ranging from 1.0to 1.5 mm.

As mentioned above, the scaling of tools in accordance
with Moor’s Law still applies to the transition from 300-mm
wafers to 450-mm wafers with preservation of the same gas
density per unit area but with transition to a showerhead that
is drastically increased in size and becoming commensurable
with the wavelength of RF power. In this case, however, for
uniformity of plasma, the outside diameter of the showerhead
should be increased as well in order to exceed diameters of the
wafer and of the focusing ring. If the diameter of a shower-
head is ~600 mm, the cooler plate 22 should have an outside
diameter of 700 mm or more. The number of gas holes will
grow up to 2,000 or more. Similar to the cooler plate used for
processing 300-mm wafers in the Etching System TEL 300 of
Tokyo Electron Limited (Japan), a new cooler plate 224 may
comprise a perforated disk made from aluminum. The shal-
low radial grooves 22-1, 22-2, . . . 22-r and concentric
grooves 22'-1, 22'-2, . . . 22'-m formed on the side 224 of the
cooler plate 22 serve to uniformly distribute the processing
gas in radial and concentric directions before injection into
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the gas passages 30a, 305, . .. 30k (FIG. 3) that are formed on
the bottom of these grooves and pass through the entire thick-
ness of the cooler plate 22, terminating on the side 30 (FIG. 3)
that faces the showerhead 20 (FIG. 1). As mentioned above,
these gas passages usually comprise holes with diameters of
1.0 mm to 1.5 mm. If the number of gas passages in the
conventional cooler plate is ~900, an increase in wafer diam-
eter from 300 mm to 450 mm requires an increase in the
number of gas passages by a factor of 2.75 to 3.

The recess 24 (FIG. 1) forms a gas reservoir for maintain-
ing processing gas at a predetermined pressure that is con-
trolled by gas flow controllers and valves (not shown). The
pressure in the manifold determines the etching process in the
processing chamber The cooler plate 22 also has an array of
holes 36a, 365, . . . 36/ for screws that attach the cooler plate
22 to the head of the showerhead and another array of holes
34a, 34b, . . . 34f for screws that attach and press the cooler
plate 22 to the manifold head of the entire upper electrode
system. The manifold head (not shown) is insulated from the
cooler plate 22 and is connected to an RF generator (not
shown) through a matching network (not shown) that supplies
RF power to the showerhead 20 (FIG. 1) through the cooler
plate 22.

Because of the recess in the central part of the cooling plate
that faces the showerhead, the RF power attained from the
manifold head is uniformly distributed over the cooler plate
22 and is transferred to the showerhead 20 only through the
peripheral part of the showerhead where both parts have
ohmic contact.

In transition from wafers of 300 mm to wafers of 450 mm,
the showerhead 20 (FIG. 1), which in the wafer processing
apparatus functions as a cathode, also can be scaled to an
increased diameter. The showerhead 20 comprises a perfo-
rated disk, the outside diameter of which will be increased
when the 450-mm wafers increase in size from 380 mm to 600
mm. As usual, the showerhead 20 has a plurality of gas holes
384,385, . ..38p (FIG. 1) that supply processing gas from the
gas pressure reservoir 24 (FIG. 1) to the processing chamber.
Bulk plasma is formed between the front side 20a of the
showerhead 20 and the wafer W. However, the law of scaling
will not be properly applied during transition to the 450-mm
wafers; also, selection of the depth in the gas pressure cham-
ber 24 (FIG. 1) becomes not so obvious and trivial as for the
300-mm wafers. More specifically, exceeding the threshold
gap depth leads to the same instability that occurs when
frequency exceeds rated value. Theoretically, all RF power is
supposed to be delivered from the cooler plate 22 to the
showerhead 20 through perfect ohmic contact at the periphery
of both contacting parts, but in reality the force that presses
the cooler plate 22 to the showerhead 20 by tightening the
bolts 36a and 365 should be limited in order to prevent crush-
ing of the very fragile silicon showerhead 20. Therefore,
contact between the showerhead and the cooler plate must be
taken into account. Furthermore, the polished contact sur-
faces at the periphery cannot be ideally even and may be
contaminated. Therefore, in an actual application we should
expect that some RF power can be lost and some gas may leak
through the gaps. In order to stabilize the pressure in the gas
pressure reservoir 24 (FIG. 1) of the cooler plate 22 and in the
working space between the showerhead and the chuck, the
diameter of the passages in the cooler plate should be selected
with a predetermined ratio to the diameter of the showerhead
gas holes. In other words, the showerhead should provide
predetermined gas permeability that is represented by the
total or regional gas flow through the gas holes and that can be
expressed in terms of volumetric flow rate measured in con-
ventional units, such as standard cubic centimeters per minute
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(scem). In conventional showerheads, this permeability is
uniform. Gas holes, which are drilled in the showerhead, are
typically round holes, which may have diameters from 0.5
mm to 1.0 mm. The total number of gas holes is in the
hundreds, e.g., up to 1,000 or more. Gas permeability in these
passages can be adjusted by decreasing or increasing the
number or the diameter of the holes, or both.

In order to provide uniform injection of processing gas
from the gas pressure reservoir 24 to the plasma processing
space, the gas-feeding passages 30a, 305, .. .30k (FIG. 1) of
the cooler plate 22 are generally aligned with the gas distri-
bution holes 38a, 385, . . . 38p of the showerhead 20 (FIGS. 1
and 2), and their number is equal. Furthermore, as mentioned
above, the passages 30a, 305, . . . 30k of the cooler plate 22
and the gas holes 38a, 385, . . . 38p of the showerhead 20 are
arranged in a pattern of concentric circles in order to provide
concentric and radial uniformity of gas distribution according
to the geometry of the wafer W. In order to provide uniformity
of plasma etching, both the showerhead 20 and the cooler
plate 22 are round in shape, and their diameters are approxi-
mately 1.5 times greater than the diameter of the wafer to be
treated.

The showerhead is made from a conductive, high-purity
material such as a single-crystal silicon, polycrystalline sili-
con, orsilicon carbide. A chemically reactive gas suchas CF,,
CHF;, CCIF;, SF; or mixture thereof with O,, N,, He or Aris
introduced into the plasma processing space and is main-
tained at a pressure that is typically in the range of milliTorrs.

It was found that the diameter of 0.5 mm for the gas holes
is optimal for providing an indispensable gas flow rate and
simultaneously reducing the influence of pressure in the gas
reservoir on vacuum conditions in the processing chamber.
On the other hand, since the diameters of the gas holes are
small, in spite of the fact that a large amount of the holes is
exposed to the processing side of the showerhead, the surface
of the showerhead side remains relatively smooth, and uni-
formity of the plasma sheath, which is very sensitive to the
surface condition of the processing side of the showerhead, is
not deteriorated either by the matrix of holes or by surface
roughness. As a result, due to the drop in pressure developed
in the gas pressure reservoir 24 (FIG. 1) and in the processing
chamber, the turbulent flow of processing gas through the
gas-feed passages 30a, 306, . .. 30k of the cooler plate 22 is
redistributed to a more static state and is converted to a lami-
nar flow delivered to the plasma processing chamber at a
relatively uniform rate.

It is generally required that passage dimensions and spac-
ing be strictly controlled between gas holes of the showerhead
used in the gas delivery system in order to provide uniform
gas distribution on a particular surface area of the shower-
head. The plasma that is used for etching semiconductor
wafers is very corrosive. Naturally, a showerhead that is used
in such a process is subject to the effect of very chemically
corrosive gasses, especially when etching the wafers with
highly reactive radicals, and therefore the showerhead is sub-
ject to deterioration by chemical corrosion. Moreover, heavy
ions generated during plasma discharge bombard the sharp
edges at the exits of the gas holes where electrical strength is
very high. As a result, such exits are converted into craters,
and this violates the etching process. Therefore, a showerhead
is a consumable part that is supposed to be periodically
replaced.

However, the showerhead is a very expensive item. There-
fore, instead of replacing the entire showerhead, the eroded
part on the processing side can be removed by re-polishing.
After re-polishing, the processing side of the showerhead can
serve two more additional terms. An electrical and mechani-



US 9,275,840 B2

5

cal contact between the cooler plate and the showerhead is
provided through the periphery portions of both parts. In
other words, RF voltage is applied to the periphery of the
showerhead backside through ohmic contact. The rest of the
showerhead backside surface does not have such contact
because of the recess 24 (FIG. 1) formed in the cooler plate
22. Therefore, the central part of the showerhead 20 cannot
transfer RF power. Thus, RF power is supposed to propagate
from the edges in the radial inward direction to the center of
the showerhead 20 through a thin layer on the processing side
of' the silicon-made showerhead. Generally, the surface resis-
tance of silicon doped with boron is ~75 ohm-cm. Therefore,
at a conventional frequency of 13.56 MHz, surface imped-
ance allows the launching of electromagnetic waves into the
plasma from the total surface of the showerhead rather than
from the edges where the showerhead is electrically con-
nected to the cooler plate.

For showerheads of relatively small diameters, e.g., those
intended for processing 300-mm wafers and operating at low
frequencies of RF power, e.g., 13.56 MHz, the transfer of
power from the cooler plate 22 to the showerhead 20 through
the edges, i.e., through the areas of contact between the cooler
plate 22 and the showerhead 20, does not drastically affect
uniformity of'the plasma generated under the working face of
the showerhead in the processing space of the plasma pro-
cessing chamber. This occurs because the wavelength of RF
power is much larger than the diameter of the showerhead,
and in this case RF power uniformly propagates from the
edges to the center and is transferred to the plasma discharge
from the total surface of the showerhead into the conductive
bulk plasma.

This discharge ionizes and dissociates the reactive gas that
forms plasma, thus generating ions and chemically active
radical particles. The ions strike the surface of the wafer to be
etched by chemical interaction and momentum transfer.
Because ion flow is predominantly normal to the surface of
the wafer, the process produces the well-defined vertically
etched sidewalls. The highly reactive radicals are not charged
and have the ability to penetrate even the narrow and deep
trenches in the wafer to provide etching there. An ion bom-
bardment of energy is influenced by excitation in the plasma
sheath adjacent to the wafer because low-frequency voltage is
applied to the bottom of the chuck (lower electrode).

Thus, the level of power introduced into the system at low
frequency provides control of coordinates and angular distri-
bution of ion energy across the surface of the wafer. When
high-frequency power is applied to the showerhead (upper
electrode) from the cooler plate through the zone of contact
with the showerhead, plasma density is controlled by high
currents that are displaced more significantly toward the
aforementioned zone of contact and increase the ohmic power
transferred to the plasma and cause heating of the plasma
sheath. In other words, under the conditions described above,
RF power of high frequency is responsible for generation of
ions and radicals. Because the system operates at dual fre-
quencies, it becomes possible to adjust plasma density and
ion bombardment energy separately.

RF power is supplied from an RF power supply unit
through a matching network (not shown) and the cooler plate
22 to the backside 205 of the showerhead 20 (FIG. 1), spe-
cifically through the peripheral area of the latter (as men-
tioned above, the central part of the cooler plate 22 is occu-
pied by the recess 24). The power is transmitted through the
showerhead surface 20a to the plasma. When frequency
increases, electrical field intensity at the central part of the
showerhead working surface becomes higher than the elec-
trical field intensity at the peripheral portion of the shower-
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head 20. Therefore, the density of generated plasma is higher
at the central part of the processing space than at the periph-
eral part of this space. As a result, the uniformity of plasma
density further deteriorates, which results in poor planar uni-
formity and charge-up damage to the plasma etching.

With the increase of showerhead size and much higher
frequency requested to support the optimal level of plasma
density for maintaining uniformity in dual frequency, capaci-
tively coupled plasma-etching systems become more compli-
cated because of the electromagnetic and finite wavelength
effects that deteriorate this uniformity. The main source of
plasma nonuniformity at an ultra-high frequency is the so-
called “standing-wave effect.”

At extra-high frequencies, RF power applied to the rear
peripheral side of the showerhead is concentrated mostly at
the edges and does not propagate to the center through the
surface layer of the showerhead for entering the plasma. At
these frequencies, impedance of a plasma sheath becomes
less than the impedance on the surface of the showerhead.
Therefore, it is preferable to apply RF power directly to the
plasma rather than first to the processing surface and then to
the plasma. Thus, RF power enters directly into the plasma
and more specifically into the plasma sheath in the vicinity of
these edges. Once entering the plasma, the electrical field
does not significantly penetrate the plasma bulk but appears to
be wave-guided in the sheath.

As RF frequency increases, the plasma-effective wave-
length decreases, and therefore the uniformity of the electri-
cal field worsens. At 150 MHz, the size of the showerhead
becomes comparable to or less than the wavelength of RF
power propagated in the plasma. As mentioned above, at 150
MHz, the showerhead radius is larger than the quarter wave-
length, and in this case the phase change of RF power from the
edge to the center of the showerhead also becomes greater
than the quarter wavelength. Moreover, transition to suffi-
ciently high frequencies shortens the wavelength and leads to
some constructive and destructive interferences and skin
effects. Because of the constructive interference of counter-
propagating waves from the opposite sides of the shower-
head, the amplitude of the electrical field in the sheath
increases at the showerhead center. This causes nonuniform
distribution of plasma density, with plasma density higher in
the center than at the edges. Therefore, depending on the
frequency, the finite wavelength produces nonuniformities
that are already problematic for 300-mm showerheads, and
will become more critical for showerheads used in appara-
tuses treating wafers 0450 mm. Thus, at the frequency of 150
MHz, the transition occurs from a traveling wave to a standing
wave. This phenomenon causes interference of the aforemen-
tioned wave with the counter-propagating waves reflected
from the rear sides of the showerhead.

The electrical field launched by the RF power and plasma
current introduced into the plasma becomes highly nonuni-
form with the amplitude of the electrical field in the plasma
sheath increased at the center of the showerhead (electrode).
Several simulations made by different authors [see L. San-
sonnens and J. Schmitt, Appl. Phys. Lett. 82, 182 (2003)]
show that the electrical field is maximal at the center of the
discharge and decays toward the edges, thus following the
Bessel function. Such changes in RF power distribution result
in nonuniform RF power deposition into plasma. As a result,
the wafer treatment processes such as etching or deposition
become nonuniform as well.

The local deposition of RF power in plasma that occurs
near the edges of the showerhead and leads to increased local
plasma density at the edges is referred to as the “skin effect.”
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For a CCP reactor with the geometry described above,
argon plasma atthe RF power frequency of 150 MHz (450 W)
is sustained at a gas pressure of 50 mTorr. Under these con-
ditions, ion flux density along the showerhead radius has the
following values: the plateau around the center and to the
radius of 50 mm of the showerhead has an ion flux density
equal to I=4.75x10"® cm™2 s, the lower plateau in the area
from the radius of 150 mm to the edge that has a total radius
of 240 mm has an ion flux density I=1.75x10"° cm™2 s~'; and
the linear downfall branch has an ion flux density [ decreasing
with radius R and expressed by the following formula:

I=4.75%10'% em 2571 (1-bR),

where b is in the area with a radius from 50 mm to 150 mm at
2.75x1072.

FIG. 4 shows distribution of ion flow at frequencies of
13.56 MHz, 60 MHz, and 81.38 MHz for processes treating a
200-mm wafer. It can be seen that the ion flux drops almost by
afactor of three at the edges as compared to the central area of
the wafer. When at a high frequency the size of a wafer is
doubled and the size of the cathode approaches the wave-
length of the RF field, we can expect other effects that con-
tribute to deterioration of scaling. Thus far, numerous sug-
gestions have been proposed to provide uniformity of
etching.

The article, “450-mm Dual Frequency Capacitively
Coupled Plasma Sources: Conventional, Graded, and Seg-
mented Electrodes” published by Yang Yang and Mark J.
Kushner in the Journal of Applied Physics 108, 113306
(2010), presents results from a two-dimensional computa-
tional investigation of Ar plasma properties in a 450-mm
DF-CCP reactor incorporating a full-wave solution of Max-
well’s equations. The authors taught that finite wavelength
effects followed by increase in frequency lead to collapse of
electron density even in the plasma reactor for 300-mm wafer
processing. The authors showed that in the center, in the
intermediate portion, and at the edges of the electrode, the ion
flux incident onto the wafer, ion energy, and angular distribu-
tions (IEADs) are different. It was suggested to solve the
problem of plasma nonuniformity in the plasma-processing
cavity by redistribution of RF power by providing graded
conductivity electrodes with a multilayer of dielectrics. This
dielectric coating changes the surface impedance that
becomes less than the impedance of the plasma sheath in
order to attract RF power and to return movement of RF
power to the processing side of the showerhead. Thus, in
order to enhance plasma uniformity, RF power is again redis-
tributed on the processing surface of the showerhead in a
specific order from the edges to the center of the showerhead.
It is also stated that “segmentation of the HF electrode also
improves plasma uniformity by making the electrical dis-
tance between the feeds and the sheath edges as uniform as
possible.”

In the above structure, the finite wavelength effect is less-
ened by decreasing the conductivity of the plasma-contacting
surface of the electrode from the edge to center of the elec-
trode by using a coating of dielectric material with a variable
density. In this case, the RF wave can readily propagate
through the surface of the showerhead dielectrics rather than
through the plasma sheath, especially at the center of the
showerhead having the lowest conductivity. Thus, the peak of
electron density at the center is diffused and uniformity
becomes smoother.

A drawback of this method is erosion and sputtering of the
dielectric layer during the plasma process. As a result, plasma
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density distribution changes from process to process. Another
drawback is contamination of the wafer by the sputtered
material.

Other different methods to suppress the effect of electro-
magnetic waves were proposed. For example, Japanese
Unexamined Patent Application Publication (KOKAI) No.
2000-323456 published on 11.24.2000, inventor A. Koshi-
ishi, describes a plasma-processing device wherein the show-
erhead consists of two parts and the central part of the show-
erhead is made from a high resistivity material for consuming
more RF power because of Joule heating. As a consequence,
the electrical field intensity is reduced to a greater extent in
the central part than at the peripheral portion of the shower-
head. This eftect is used for leveling the distribution of plasma
density. However, the high resistivity part of the showerhead
consumes too much RF power during Joule heating, and this
reduces the efficiency of the device.

Another method to improve uniformity of ion flux onto a
watfer is to use the so-called slot antenna. U.S. Pat. No. 8,080,
107 issued to W. Kennedy, D. Jacob on Dec. 20, 2011
describes a showerhead that consists of two to six separate
segments arranged in a ring configuration, such as segments
of' single-crystal silicon. But Yang Yang and Mark J. Kushner
[see Journal of Applied Physics 108, 113306 (2010] sug-
gested splitting the RF power and the power at these segments
at different phases. At the segments, the phases of RF voltage
alternate with 180°. The in-phase excitation retains the char-
acter of a surface wave propagating along the sheath and thus
higher-density plasma is formed in the center. However, out-
of-phase excitation shifts the maximum plasma density from
the center to the mid-radius. This middle-peaked plasma den-
sity may lead to excitation of a higher order of waveguide
mode in the chamber. As a result, it becomes more difficult to
adjust the uniformity of plasma density.

A drawback of this method is a complicated, real-time
control of plasma uniformity that includes tuning the phases
by oscillating the phases of the segments or the phase swap-
ping to shift the pick of RF power distribution from the center
to the middle. The metal ceramic neighboring at the process-
ing surface of the showerhead deteriorates the plasma sheath,
and the resulting sputtering and erosion contaminate the
product.

Sansonnens and Schmitt [see L. Sansonnens and .
Schmitt, Appl. Phys. Lett. 82, 182 (2003)] proposed to solve
the problem of plasma-density nonuniformity by fabricating
a Gaussian-shaped surface profile on electrodes covered with
a thin dielectric plate to confine the plasma in a constant
inter-electrode gap. In this proposal, a dielectric lens should
have a Gaussian shape in order to receive uniform voltage
across discharge and thus suppress the standing-wave effect.
However, manufacture of the showerhead with an accurate
and smooth curvilinear surface is an extremely complicated,
inefficient, and expensive procedure.

There exist many other methods and devices for improving
uniformity of plasma density distribution in the plasma-pro-
cessing cavity of a CCP processing apparatus. However, in
the majority of cases, these methods and apparatuses are
aimed at solving the above-stated problem by managing the
distribution of RF power.

It is understood in this regard that in transition to 450-mm
wafer etching systems, the above methods and constructions
are less efficient than methods based on controlling gas dis-
tribution. There exists a large number of gas holes of the same
geometry in the showerhead for introducing processing gas
from the gas reservoir to the plasma-processing chamber. The
diameter of the gas holes is approximately 0.5 mm. The
separation between the neighboring gas holes may vary from
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5 mm to a greater distance. The gas flow through each hole is
the same. However, changing the geometry at the exits of the
holes on the processing side of the showerhead is not recom-
mended (see, for example, U.S. Pat. No. 6,333,601 issued to
S. Wickramanayaka on Dec. 25, 2001, “Planar gas introduc-
ing unit of a CCP reactor”). It is taught that with the increase
in the gas-hole diameter to a value greater than 0.5 mm, the
processing plasma will penetrate deeply into the hole and will
increase erosion rate at the hole exit.

It is known that positive ions of plasma accelerate toward a
showerhead surface and bombard this surface. These ions
gain high energy, especially in vicinity of the sharp edges of
the gas holes where density of the electrical field is high; thus,
the bombardment of ions on the surface causes sputtering of
this surface. According to this theory, the sputtering damage
is higher at the exit of the gas holes since there is higher gas
density and higher plasma density at these points. This pro-
cess causes an erosion of the gas hole compared to the other
areas of the showerhead, resulting in an enlargement in the
diameter of the gas holes. With increased gas-hole diameter
as aresult of erosion, plasma tends to confine in the vicinity of
the exit of these holes by multiple reflections of electrons
from the walls of the gas holes. Accordingly, the erosion rate
in the gas hole accelerates with the increase of plasma density.
This process leads to the tapering of gas holes, and eventually
the total processing surface of the showerhead should be
re-polished.

In order to avoid degradation at the gas-hole exits, all gas
distribution enhancing means for uniform plasma etching
should be provided at the back side of the showerhead. A
conventional method (by LAM® Research Corporation) is to
divide the gas pressure reservoir into several separated zones.
For example, as disclosed in US Patent Application Publica-
tion 20100252197 (inventors Babak Kadkhodayan and
Anthony De La Llera; “Showerhead electrode with centering
feature,” published Oct. 7, 2010), the gas pressure reservoir is
divided into two zones, where about 60% of the gas holes are
in an inner zone and preferably about 40% of the gas holes in
an outer zone. These zones are separated from each other by
a gas sealing, such as an O-ring. Thus, the inner and outer
zones above the wafer that undergo plasma etching can be fed
with gas at different flow rates to optimize etch uniformity.
However, during wafer processing, such as plasma etching,
the showerhead and cooler plate are heated, and the difference
in their thermal expansions places high loads on the O-rings.
Besides a high temperature, the O-ring is also exposed to a
highly corrosive etching gas. As a result, the O-ring material
degrades, thus contaminating the etching process. Because
processing gas leaks through the deteriorated O-ring, the
pressure in each zone becomes out of control, and the etching
process is deteriorated.

US Patent Application Publication 20060180275 Al (In-
ventor Robert Stagger; published on Aug. 17, 2006) discloses
a method of manufacturing gas distribution members for
plasma-processing apparatuses. The method is based on com-
bined control of gas distribution over different plasma zones
with different plasma density to upgrade uniformity.

U.S. Pat. No. 8,043,430, “Methods and apparatuses for
controlling gas flow conductance in a capacitively coupled
plasma processing chamber,” issued on Oct. 10, 2011 to R.
Dhindsa, et al, discloses an apparatus for controlling flow
conductance of plasma in plasma processing. The apparatus
includes a ground ring that concentrically surrounds the lower
electrode and has a set of slots formed therein, and a mecha-
nism for controlling gas flow through these slots. However,
the apparatus has a complicated structure, strict tolerances,
and must be very carefully designed just for a single-process
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protocol. Another factor that causes nonuniformity of plasma
treatment is deterioration of gas distribution channels that
supply the processing gas from gas accumulation to plasma
treatment through the showerhead.

However, since a showerhead surface is under high-voltage
RF, the plasma treatment procedure is jeopardized by the
highly destructive electrical processes. The plasma treatment
chamber is supposed to work under heavy-duty conditions
with intensive depreciation of materials. More specifically,
instabilities in the RF circuit that are caused by many reasons
may lead to generation of very high frequency in RF power.
Impedance of the gas reservoir is drastically reduced, and the
RF power with extra-high frequency prefers to propagate
from the cooler plate to the showerhead through gaseous gaps
and through the gas reservoir rather than through the ohmic
contact surface on the periphery. A valuable part of energy is
diverted by this capacitor-type resistance from the ohmic
resistance at the periphery. The gas in the reservoir is also
susceptible to electrical breakdown. A corona discharge and
arcing also occur in this area. Further, the above-described
abnormal conditions lead to a phenomenon that is known as a
hollow cathode discharge, which occurs on the developed
surfaces at the entrances to the aforementioned gas passages
and penetrates inside the gas holes. This leads to the loss of
power and distortion of the passage geometry, and, hence, to
instability in technological parameters of the process. Under
the effect of the hollow cathode discharge, in the worst case
the gas flow becomes totally ionized or becomes the carrier of
the charged particles that are introduced into the processing
plasma and can be converted into miniature arcs. The arcing
overheats the inner part of the holes of the exit areas and
changes the structure of silicon. This leads to drastic lowering
of the resistance of silicon to sputtering and etching. The
heavy ions that are generated in the processing plasma bom-
bard and sputter the overheated edges of the gas channels.
They even develop craters that may reach 3 mm in depth or
more.

Radicals penetrate into the passage deeper than ions and
expand the initial diameter of the channel two to three or more
times. In other words, it can be assumed that the aforemen-
tioned degradation of surface of the showerhead that faces a
plasma discharge in the etching process can be explained by
interaction of the charged particles and radicals on the
plasma-surface boundary of the showerhead.

A source of deterioration of the showerhead surface is
ionization of a gas flowing through each gas hole that is
capable under some conditions to generate its own plasma
discharge. Such a discharge, in turn, generates ions that bom-
bard the passage wall. Moreover, for mismatching of imped-
ances of the RF power supply with the processing system, the
ionized gas flow can be easily converted into an arc. Such a
mismatching may be caused by variations in chamber pres-
sure, RF power, etc. In this case, a high-temperature torch that
occurs at the exit of a gas hole causes thermal erosion on the
surface of the showerhead and funnels the gas holes by cre-
ating a nozzle effect in the vicinity of the border between the
exit of the passage and bulk plasma. Consequences of this
effect are aerodynamic expansion, turbulence of gas ejected
into the chamber, deterioration of uniformity of a plasma
density, and contamination of the processing chamber, espe-
cially, the periphery of the showerhead by deposition of the
product of erosion.

On the other hand, a corona discharge that causes arcing
occurs in the gap on the gas input edges of the gas supply
channels, i.e., on the side of the showerhead that faces the
cooler plate. This arcing leads to destruction of the shower-
head and, hence, to nonuniform distribution of processing gas
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in the plasma cavity, as well as to contamination of processing
gas and of the product with particles of the showerhead mate-
rial.

It should be further noted that the deterioration described
above is not uniform and has a different degree in different
areas of the showerhead. For example, gas-directing passages
located closer to the periphery of the showerhead deteriorate
faster and at a greater degree than in the center of the show-
erhead. This leads to shortening of the channel lengths in the
peripheral part of the showerhead, which leads to decrease in
gas pressure in the space in the peripheral areas of the pro-
cessing chamber. This, in turn, leads to the nonuniformity of
plasma.

SUMMARY OF THE INVENTION

The present invention relates to the field of semiconductor
production, in particular to a method for providing uniform
distribution of plasma density in a plasma treatment of semi-
conductor wafers in ICP plasma treatment apparatus. More
specifically, the invention relates to a method for high unifor-
mity of plasma generated in the plasma process chamber
between the showerhead and an object being treated, espe-
cially in plasma process chambers for treating large area
objects where the size of the showerhead becomes approxi-
mately on the same order as the wavelength of the plasma
generating RF field.

In general, in the method of the invention for providing
uniform distribution of plasma density in a CCP plasma pro-
cessing apparatus uniformity of distribution of plasma den-
sity over an object, e.g., a semiconductor wafer, in the plasma
processing chamber is achieved by providing the gas holes of
the showerhead on the cooler-plate side with conical nozzles,
wherein the cone angle of the nozzles is gradually increased
from the center of the showerhead to its periphery. In order to
protect the surfaces of the nozzles and gas holes from dete-
rioration under the effect of chemical corrosion and electrical
discharge, these surfaces are coated with a protective coating,
e.g., of yttrium oxide.

More specifically, the method of the invention comprises
the steps of:

providing a showerhead-cooler system of a semiconduc-

tor-processing chamber of the CCP plasma processing
apparatus intended for plasma processing of semicon-
ductor wafers, where the system comprises a shower-
head having a plurality of through gas holes and a gas-
feeding cooler plate that is connected to an RF power
supply, has an electric contact with the showerhead and
forms with the showerhead a gas accumulation reser-
voir, one ends of the gas holes being connected to the gas
accumulation reservoir, and the other ends of the gas
holes being connected to semiconductor-processing
chamber, the gas-feeding cooler plate being connected
to a source of a working gas and has a plurality of
through gas feeding passages that communicate with the
gas accumulating reservoir, the shower head having a
central area and a peripheral portion;

forming onsaid one ends of at least some of the through gas

holes conical nozzles with a cone angle 0 that decreases
in the direction from the peripheral portion to the central
area of the showerhead in the range from; 120° to 0°; and

coating the surfaces of the conical nozzles and at least a

part of the walls of the gas holes in the area adjacent to
the conical nozzles with a protective coating resistant to
electrical breakdown and chemical corrosion.

Although the method of the invention is applicable to pro-
cessing semiconductor wafer of any diameter, it is more
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advantageous to use the method for treating, e.g., etching,
semiconductor wafer having large diameter, e.g., 450 mm.

The method further provides the following relationship
between the cone angle 6 of the conical nozzle of through gas
holes that have the conical nozzles and a radial distance R of
the through gas holes from the showerhead center:

(1+bR)=[1-1/{1-[(2l tan 0)/d] }*1712 1)

where d, is a diameter of the through gas hole, 1, is a length
of the through gas hole, and bis a coefficient that depends on
the parameters of the plasma process.

For better understanding a known plasma treatment pro-
cess, e.g., plasma etching of a semiconductor wafer surface, it
would be appropriate to consider a design of main elements of
the process chamber responsible for uniformity of plasma
density distribution in a conventional plasma treatment appa-
ratus.

The method of the invention can be realized with a dete-
rioration-resistant system ofa showerhead with a gas-feeding
cooler plate (hereinafter referred to as “system”) for use in a
semiconductor-processing chamber that provides uniform
distribution of plasma density in the working cavity of the
semiconductor-processing chamber over the surface of a
semiconductor wafer having an increased diameter, e.g., up to
450 mm. It has been found that etching of large-diameter
wafers, e.g., of 450 mm in diameter, in a CCP plasma-treat-
ment apparatus requires that for generating plasma of suffi-
ciently high density a high RF power generator with the
power of up to 25 kW with appropriate high-voltage acces-
sories and isolation be used. Furthermore, desired plasma
density can be obtained with transition to a frequency as high
as 150 MHz. However, such high frequencies adversely affect
distribution of plasma density and lead to nonuniformity of
etching. In plasma-treatment apparatuses of the aforemen-
tioned type, plasma density depends on the radius of the
showerhead, which is maximal at the center of the plasma
bulk, minimal at the periphery, and linearly decreases in the
intermediate part toward the periphery.

The deterioration-resistant showerhead-cooler system of
the invention comprises a part of a CCP-type plasma treat-
ment apparatus that is provided with a wafer-holding chuck,
e.g., an electrostatic chuck, that holds a silicon wafer to be
treated by the plasma-etching discharge. The wafer is sur-
rounded by a focusing ring that serves as a guardian electrode
to prevent turbulence of plasma at the edges of the wafer
(wafer-edge effect) that may deteriorate uniformity of etch-
ing. Due to the use of such a focusing ring, uniformity of
etching on the edges of the wafer is almost the same as in the
center. However, this part of the apparatus is beyond the scope
of the present invention.

This invention is devoted to the showerhead-cooler system
that comprises a showerhead and a gas-feeding cooler plate
that has gas-feeding channels that direct the gas to a shower-
head through a gas-accumulation reservoir formed between
both parts.

The showerhead has a showerhead body made of an elec-
trically conductive material, e.g., silicon that is provided with
a plurality of gas holes. These passages are coaxial to the
respective gas-feeding passages of a cooler plate that is
located above the showerhead. The peripheral part of the
cooler plate is precisely polished in order to provide tight
electrical contact with the peripheral area on the facing sur-
face ofthe showerhead for transmitting RF power to the latter.
The tight contact between both parts also serves as a seal for
the aforementioned gas-accumulation reservoir that formed
between the showerhead and the cooler plate. The cooler plate
has a plurality of gas-feeding passages, the number of which
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is the same as the number of the gas holes in the showerhead.
The gas holes of the showerhead are coaxial with the gas
feeding passages of the cooler plate.

The system of the invention is suitable for plasma treat-
ment of 300-mm wafers as well, but it can be most advanta-
geously used for uniform plasma treatment of semiconductor
wafers having a diameter of 450 mm, i.e., the wafer size to
which the semiconductor industry is gradually transferring at
the present time.

For example, a showerhead intended for plasma treatment
of' a 450-mm watfer may have a diameter of 500 mm to 600
mm and a thickness of ~10 mm, with the number of gas holes
as high as 2,000, typically 1,800. The passages may have a
diameter of 500 pm and are intended for dividing the gas flow
that passes through the showerhead into a plurality of small
gas flows. These small gas flows should be uniformly ejected
into the plasma-processing space between the lower process-
ing surface of the showerhead and the surface of the wafer,
where in the presence of the electromagnetic field applied to
the processing gas delivered to the aforementioned space a
capacitively coupled RF plasma discharge called “bulk
plasma” is formed. A high level of uniformity of plasma
density distribution and, in consequence, uniformity in den-
sity of ion flow and radicals responsible for the plasma pro-
cess are provided due to the dense distribution of the uniform
gas-feeding holes of the showerhead.

In the system of the invention, the showerhead and the
electrostatic chuck with the wafer and the focusing ring func-
tion as electrodes. In other words, when RF power is applied
to the showerhead, these components form a capacitor with
the electrodes in which the plasma discharge is generated due
to an initial electrical breakdown and due to acceleration of
seed electrons in the electrical field of this capacitor.

In the system of the invention, uniformity of plasma den-
sity is achieved by providing gas holes of the showerhead
with a special geometry that makes it possible to adjust gas
permeability of the showerhead. In other words, at uniform
permeability of the showerhead, plasma density is changed in
the radial direction of the showerhead and is maximal at the
center of the showerhead, minimal at the periphery, and lin-
early decreases in the intermediate area.

On the back side of the showerhead, i.e., on the side facing
the cooler plate, the gas holes are modified and are converted
into conical nozzles. Patterns of the gas holes are divided into
a plurality of zones, three in the system illustrated below in
the detailed description of the invention, with the highest
permeability at the periphery, linearly increased permeability
at the middle toward the periphery, and the lowest permeabil-
ity at the center.

On the inlet side of the gas holes, i.e., on the side of the
showerhead that faces the gas-accumulating reservoir, the gas
holes are modified into the aforementioned conical nozzles
that have a funnel shape formed, e.g., by machining with
commercial conical cutters (of 30°, 45°, 60°, 90°, and 120°)
as countersinks on the gas inlet side of the showerhead. In the
radial direction of the showerhead, the nozzles extend from
the peripheral part of the showerhead to the center of the
showerhead, but, if necessary, some gas holes in the central
part of the showerhead may remain intact, i.e., without for-
mation of the conical nozzles.

The geometry of the conical nozzles is defined by cone
angles of standard countersinking cutters with gradual
decrease of the angles from the peripheral area to the center of
the showerhead, i.e., these angles depend on the radial dis-
tances from the showerhead center. However, on the process-
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ing side of the showerhead, the profiles of the gas holes
remain unchanged, i.e., the same as in conventional TEL 300
or TEL 450 showerheads.

The inventors herein have found that the following depen-
dence exists between the cone angle 0, radius D, passage
depth 1, and passage diameter d

(1+bR)=[1-1/{1-[(2l tan 0)/d] }*1712 1)

where “b” is a coefficient that depends on power source
frequency, pressure in the plasma, type of processing gas, etc.
For each specific design of the system and parameters of the
plasma process, in formula (1) the coefficient “b” and values
of'l,; and d,; are constant, and the angle 6 depends only on
radius R.

The passage geometry described above will improve uni-
formity of gas flow from the center to the peripheral zone and
linearly through the intermediate zone, while the gas flow
through the central zone will stay unchanged. Such modifi-
cation enriches plasma density proportionally with RF power
losses and results in smoothening the density of the ion flux
responsible for uniformity of etching.

However, the geometry of some large countersinks
(nozzles) may increase the depth of an antibreakdown gap
between the cooler plate and the showerhead, thus violating
Paschen’s Law. This leads to appearance of microarcs in the
gas reservoir and to ionization of the highly reactive etching
gas. Therefore, the aforementioned gap size should be
reduced to keep the electrical breakdown voltage needed to
cause an arc to be relatively high. If this gap exceeds its
original value because of the drilled nozzles, the voltage
required to cause an arc will be less than threshold and prob-
ability of arcing will increase. Moreover, such an initial
microarcing may have a dramatic response because of the
phenomenon known as parasitic “hollow cathode discharge”
which responds to the microarcs. This discharge appears on
the back side of the showerhead and may be a source of
degradation of the working side that faces the wafer. In other
words, since the gas holes are modified, in the presence of
electrical fields used, for example, during plasma launching,
the hollow cathode discharges may be triggered within these
gas holes, especially in the nozzles. In plasma-processing
operations, such hollow cathode discharges may lead to
plasma power loss and generation of particles as products of
erosion of the showerhead material. A parasitic plasma dis-
charge can occur on the side walls of the nozzles as well as at
the entrances of the gas holes.

Thus, the parasitic hollow discharge is triggered by
microarcs that appear at instabilities and is formed during the
above-described processes on the back side surface of the
showerhead, especially on the sharp edges at the entrances to
the gas holes. The nozzles increase this risk at a greater
degree.

Electrons generated by this discharge can oscillate inside
the cavity of the conical nozzle. The oscillating electrons
cause multiple ionization, thereby generating dense parasitic
plasma. The RF-powered parasitic hollow discharge origi-
nates ions that can bombard the surface of the nozzle. This
bombardment causes a secondary electron emission and heat-
ing of the surface with thermal electron emission that con-
tributes to the total electron density and further enhances the
hollow cathode discharge. Moreover, charged particles gen-
erated by the hollow cathode discharge carried along the gas
passages together with the gas flow can penetrate through the
gas holes into the processing plasma, and this causes a local
enrichment of the plasma density in the vicinity of the outlet
of'the gas holes that attract the high-energy ions from the bulk
plasma during the half-cycle when the showerhead becomes
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negative to the plasma bulk. The bombardment of the edges at
the exit of the gas holes by these ions develops craters that can
be 2 to 3 mm deep. Products of erosion deposited on the
surface of the showerhead contaminate the wafer.

In accordance with the present invention, the above prob-
lem is solved by coating the back side of the showerhead,
especially the entrance into the nozzle, the throat of the
nozzle, and even partially the inner surface of the gas holes,
with a protective coating resistant to electrical breakdown and
chemical corrosion. In addition to corrosion resistance, this
coating should withstand thermal cycling during the plasma-
etching process when the temperature of the showerhead is
increasing up to 800° C. The inventors herein have found that
a coating material that can withstand the above-mentioned
severe condition is, e.g., yttrium oxide (Y,O;). In the system
of the invention, the yttrium oxide coating may have a thick-
ness ranging from 2 microns to 5 microns.

Since the above-described geometry of gas holes with
nozzles on the inlet side is inapplicable without the use of a
protective coating that is resistant to electrical breakdown and
chemical corrosion, such a coating must be considered as an
indispensable part of the present invention.

Furthermore, a conical nozzle facilitates manufacturing
and provides flexibility in converting the existing design to
one with a higher flow rate without major redesign. Such
geometry can be easily performed using countersink drill bits,
e.g., with a 20° to 120° convergent angle. The narrow end of
the nozzle comprises a nozzle throat that has the same cross-
section as the gas hole of the showerhead and has the same
diameter d, that ranges from 0.5 mm to 1 mm, while at the
entrance end on the back surface of the showerhead the nozzle
may have a diameter d, that is one and one-half to four times
greater than the diameter d,. However, the diameter d; must
be limited by the contours of the neighboring nozzles on the
back side of the showerhead. In other words, the sum of
radiuses of the neighboring nozzles on the back side of the
showerhead should not exceed the distance between the cen-
tral axes of the neighboring gas holes. The angle 6 of the
nozzle convergent cone section may range from 0 to 120°.

The function of the nozzle is to act as a convertor of slow
gas flow in the gas-accumulating reservoir into a high-veloc-
ity gas flow through the gas hole. The flow of gas through the
nozzle is driven from the high pressure p, developed in the
gas-accumulating reservoir at the nozzle entrance toward the
low static pressure p, in the processing chamber. The flow
through the nozzle is different from the flow through the
conventional gas hole because of a gradual decrease in nozzle
diameter, whereby the flow rate through the nozzle may be
approximately 2.75 times higher than the flow rate through a
nontapered gas hole.

Such behavior of gas flow can be simply explained. The
geometry of a conventional nontapered gas hole has a limited
acceptance of gas flow from the gas reservoir. It accepts just
acentral part of the gas flow that is ejected from a gas passage
of the cooler plate perfectly aligned with the respective gas
hole. Such gas flow that is directly aimed at the gas hole is
called “core flow.” The core flow has a velocity vector normal
to the surface of the back side of the showerhead. If a velocity
vector is different from normal, the probability of penetration
of gas molecules into the gas holes is reduced. But funneling
of the entrance of the gas holes on the showerhead back side
can increase such acceptance for gas molecules of the flow.
Moreover, gas flow can be controlled by the geometry of the
nozzles. Apparently we can divide the gas in the gas reservoir
into three layers A, B, and C according to the distance from
the back side of the showerhead. The molecules of these
layers have different probabilities for entering the gas holes as
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compared with core flow. However, if the entrance of the hole
has a nozzle, the geometry probability will be increased
according to the cone angle of such nozzle. Thus, if the angle
of'the nozzle is close to zero, only the core flow can penetrate
the hole. At an angle of ~20°, the cross-sectional area of the
nozzle increases, and a part of gas in the bottom layer A that
is close to the surface of the nozzle acquires a higher prob-
ability of entering the hole together with the core flow. If the
angle ofthe nozzle is increased to 60°, gas molecules from the
intermediate layer B will have a probability of approaching
the entrance of the hole and will have passage through this
hole together with the core flow and the flow through layer A.
Next, at angle 120°, the cross-sectional area is so large that
gas molecules from layer C, which is the most distant from the
surface of the showerhead, can be transported through the
hole together with molecules of the core flow and the flow
from layers A and B, thus increasing total flow rate. Now,
permeability of the showerhead will be nonuniform and can
be controlled from the center to the periphery according to a
linear as well as nonlinear law.

Let us assume that gas flows downward through a hole
having a cross-sectional area A, with a velocity V, and that
the flow encounters a change when passing through the cross-
sectional area A, of the throat. In this case, the gas velocity is
changed in accordance with the following formula:

Vo=[1-(4x/4,)T 2 [2(p1-p2)/p]

where @ is gas density.
Since mass flow rate M is a product of gas density, flow
area, and velocity, the following can be written:

@

M=p4,V, ©)

Because flow areas are proportional to their diameters in
the power of two, and because the diameter at the nozzle
entrance can be presented as

d\=dy+21;tan 0 @)

where 1, is depth of the convergent profile, d,, is diameter of
the passage, and 0 is a semicone angle of the nozzle, mass
flow rate can be presented as follows:

M=[(dp)*/4][1-1/{1~ [ tan 0)/dp] 1172 [2p(p1 -
1" ®
In order to enhance uniformity of ion flux density, the mass
flow is supposed to be changed as a function of radius of the
showerhead:

Mp=My+M(1+bR)+M,,, .. (6)

where M, is minimal mass flow rate for the area of the show-
erhead where 8=0 no nozzle) from radius 0 to 50 mm, and
M,,,... 1s maximal mass flow rate with 8,,,,=60° for area from
radius R=150 mm to R=280 mm and b=2.75x107>.

In the intermediate area from R=50 mm to R=150 mm, the
nozzle angle 0 is a function of radius R and can be found from

the following expression:

((1+bR)=[1-1/{1-[(2l tan 0)/dg] Y72 1)

A nozzle is usually made long enough such that the pres-
sure in the reservoir is reduced at the nozzle throat to the
pressure existing inside of the gas holes.

The present model is based on the fact that the converging
nozzle operates steadily, thus the stagnation conditions of
pressure and temperature in the gas-accumulating reservoir
or the plasma chamber upstream of the converging nozzle are
homogeneous and continuous.

If there were no cone-shaped nozzles, penetration of gas
into the gas holes would have been performed under condi-
tions of sharp, local pressure change. In opposite, the nozzle
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facilitates smooth entrance of gas molecules from the larger
area of the reservoir and contracts this flow. In order to control
the gas flow through the nozzles with a conical entrance,
angle 6 must be variable in the radial direction of the show-
erhead. This is necessary because the radial velocities of gas
decrease to the center and in the center will be equal to zero.
Thus, for the system of a 450-mm wafer, angle 6 may be equal
to zero in the central area, i.e., in the area of the showerhead
from the center upward to R about 50 mm where RF power is
maximal. At the same time, angle 0 should be linearly
increased from 6=0to 0 about 120° in the area with R between
50 mm to 150 mm, and should be equal to 120° in the area
with R of ~150 mm to ~240 mm where RF power is minimal.
Such geometry will change radial distribution of the gas flow
injected into the plasma bulk.

As aresult, it will be possible to intensify ionization around
the periphery of the showerhead as compared to the center
where the gas flow remains unchanged and to smoothly
increase ionization in the intermediate area. Thus, it becomes
possible to adjust the distribution of plasma density to a
uniform level across the entire showerhead.

In a plan view of the showerhead, the passages having the
countersinks of the same geometry are arranged circumfer-
entially on acommon circle and with an equal pitch from each
other. In order to prevent overlapping, the sum of radiuses of
the neighboring countersinks should not exceed the distance
between the central axes of the neighboring passages. At the
same time, the maximal depth L. of the countersinks also must
be taken into account for possibility of subsequent refurbish-
ing by re-polishing the surface of the showerhead on the gas
inlet side. This is important in view of the high manufacturing
cost of the showerhead. As the showerhead is re-polished, the
thickness of the showerhead decreases, and the throat of the
nozzle approaches the processing surface. As a result, cre-
ation of the positive potential in the course of the RF cycles
may cause leakage of electrons from plasma into the gas-
accumulation reservoir, and this is undesirable for the follow-
ing reasons.

AlLRF power should be delivered to the showerhead. How-
ever, some current leaks from the zone of contact of'the cooler
plate with the showerhead to the gas-accumulation reservoir,
which serves as a capacitive resistor. However, this reservoir
is very sensitive to any instability in the RF circuit, such as
local impedance fluctuations caused by microarcs in the
chamber and deviations in geometry of the reservoir from the
ideal shape, e.g., separation of insulation coating from the
chamber walls, etc. Some instabilities, such as mismatching,
are expected and are taken into account during design of the
recess due to the fact that capacitive resistance of the gas gap
remains very high even at high fluctuations of RF circuit
parameters.

The distance between the upper surface of the showerhead
and the upper wall of the gas-accumulating reservoir, i.e., the
thickness of the gas layer, can be determined by Paschen’s
Law so as to prevent occurrence of the discharge. However,
presence of the gas holes violates the above condition of the
discharge absence. Therefore, the launching of plasma in the
presence of a high-voltage electrical field may trigger a hol-
low cathode discharge in the gas-accumulating reservoir,
especially in the nozzle area. In plasma processing, these
hollow cathode discharges may lead to plasma power loss and
generation of particles as a result of erosion of the shower-
head material. It is understood that such plasma discharges in
the nozzle area and inside the gas-feeding passages are para-
sitic and extremely undesirable since, as mentioned above,
they may contaminate the plasma and, hence, the wafer.
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In order to prevent the adverse effect of the hollow cathode
phenomenon, the inventors herein offer to prevent the erosion
of'the nozzle and passage surfaces by coating these surfaces
with a plasma-resistant coating. It has been experimentally
found that coating with a thin film of yttrium oxide is the best
selection for accomplishing the above goal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic cross-sectional view of a conven-
tional “showerhead/cooler plate assembly” that consists of a
showerhead and a cooler plate which in an assembled state of
the unit is pressed against the showerhead.

FIG. 2 is a three-dimensional view of the cooler plate with
aview on the side that faces a manifold head (not shown) and
therefore contains a manifold pattern of radial and concentric
grooves.

FIG. 3 is a view of the cooler plate on the side that faces the
showerhead.

FIG. 4 is a graph that shows distribution of ion flow at
frequencies of 13.56 MHz, 60 MHz, and 81.38 MHz for
processes treating a 200-mm wafer; it can be seen that ion flux
drops almost with a factor of three at the edges as compared
to the central area of the wafer.

FIG. 5 is a sectional view of the showerhead/cooler plate
system of the present invention.

FIG. 6is atop view of the showerhead of the invention from
the processing chamber side.

FIG. 7 is athree-dimensional view of the showerhead of the
invention facing upward with the side that faces the cooling
plate.

FIG. 8 is a fragmental cross-sectional view in the radial
direction of the showerhead of the invention.

FIGS. 9a, 95, 9¢, and 94 and FIGS. 104, 105, 10¢, and 104
show the effect of ion flux equalization, wherein FIGS. 94,
9b, 9c, and 9d relate to a conventional showerhead-cooler
system, and FIGS. 10a, 105, 10¢, and 104 relate to the show-
erhead-cooler system of the invention. In these drawings (a)
shows the system, (b) shows distribution of RF power density
over radius R, (c) shows distribution of gas density over
radius R, and (d) shows ion flux density.

FIG. 11 is a sectional view of a part of the system of the
invention that illustrates development of the parasitic hollow
discharge and the protective mechanism of the invention pro-
vided by the provision of conical nozzles.

FIG. 12 is a sectional view of the system of the invention
that illustrates the flow of gas molecules and their interaction
with the profiles of entrances into the gas holes of the show-
erhead.

FIG. 13 is a sectional view of the system of the invention
that illustrates positions of the protective coatings on the back
side of the shower head, on the surfaces of the conical nozzles,
and on the inner walls of the gas holes.

DETAILED DESCRIPTION OF THE INVENTION

The invention relates to the field of semiconductor produc-
tion, in particular to a method for providing uniform distri-
bution of plasma density in a plasma treatment of semicon-
ductor wafers in ICP plasma treatment apparatus. More
specifically, the invention relates to a method for high unifor-
mity of plasma generated in the plasma process chamber
between the showerhead and an object being treated, espe-
cially in plasma process chambers for treating large area
objects where the size of the showerhead becomes approxi-
mately on the same order as the wavelength of the plasma
generating RF field.
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The method of the invention comprises the steps of: pro-
viding a showerhead-cooler system of a semiconductor-pro-
cessing chamber of the CCP plasma processing apparatus
intended for plasma processing of objects, wherein the sys-
tem comprises a showerhead having a plurality of through gas
holes and a gas-feeding cooler plate that is connected to an RF
power supply, has an electric contact with the showerhead and
forms with the showerhead a gas accumulation reservoir, one
ends ofthe gas holes being connected to the gas accumulation
reservoir, and the other ends of the gas holes being connected
to semiconductor-processing chamber, the gas-feeding
cooler plate being connected to a source of a working gas and
has a plurality of through gas feeding passages that commu-
nicate with the gas accumulating reservoir, the shower head
having a central area and a peripheral portion. The next step is
forming on said one ends of at least some of the through gas
holes conical nozzles with a cone angle 0 that decreases in the
direction from the peripheral portion to the central area of the
showerhead in the range from; 120° to 0°; and then coating
the surfaces of the conical nozzles and at least a part of the
walls of the gas holes in the area adjacent to the conical
nozzles with a protective coating resistant to electrical break-
down and chemical corrosion.

For better understanding the method of the invention, it is
necessary to consider in more detail a construction of the
deterioration-resistant showerhead-cooler system of a semi-
conductor-processing chamber with uniform distribution of
plasma density that is applicable for carrying out the method.
The system includes a showerhead with a gas-feeding cooler
plate (hereinafter referred to as “system™) for use in a semi-
conductor-processing chamber that provides uniform distri-
bution of plasma density in the working cavity of the chamber
over the surface of a semiconductor wafer having an
increased diameter, e.g., up to 450 mm. It has been found that
etching of large-diameter wafers, e.g., 450 mm in diameter, in
a CCP plasma-treatment apparatus requires that for generat-
ing plasma of sufficiently high density, a power source of very
high frequency up to 150 MHz be used. However, such high
frequencies adversely affect distribution of plasma density
and lead to nonuniformity of etching. In plasma-treatment
apparatuses of the aforementioned type, plasma density
depends on the radius of the showerhead, which is maximal at
the center of the plasma bulk, minimal at the periphery, and
linearly decreases in the intermediate part toward the periph-
ery. As mentioned above, such radial nonuniformity of
plasma density caused just by the standing-wave effect is
shown in FIG. 4 as theoretical dependence of the aforemen-
tioned ion flux distribution responsible for the plasma etching
from the frequencies. However, such decay toward the edges
can be corrected by the distribution of the gas flow proposed
by the authors.

A “showerhead/cooler plate system” of the present inven-
tion, which as a whole is designated by reference numeral
100, is shown in FIG. 5, which is a transverse sectional view
of'the system. As shown in FIG. 5, similar to the conventional
showerhead/cooler plate system shown in FIG. 1, the system
100 consists of a showerhead 120 and a cooler plate 122,
which in an assembled state of the unit is pressed against the
showerhead 120, with a gas cavity 124 formed between the
mating faces of the showerhead 120 and the cooler plate 122.
In FIG. 5, reference numeral 126 designates a chuck that
holds the objectto be treated, e.g., a semiconductor wafer W1,
in a processing chamber 127, only a part of which is shown in
FIG. 5 and which is maintained under a vacuum.

Similar to the conventional showerhead 20, the shower-
head 120 of the invention has through gas holes 138a,
1385, . . . 138p (FIG. 5), the ends of which on the processing
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chamber are also shown in FIG. 6, which is a three-dimen-
sional view of the showerhead 120 facing up with the front
side 120q. It can be seen that the front side of the showerhead
120 is flat and looks similar to the front side 20a of the
conventional showerhead 20, which is shown in FIG. 2. How-
ever, as shown in FIG. 7, which is a three-dimensional view of
the showerhead facing up with the side that faces the cooling
plate 122, the back side surface of the showerhead 120 does
not have concentric and radial grooves as in the cooling plate
but is provided only with entrances to the gas holes 138a,
1385, . . . 138p, the geometry of which is described later.

The cooler plate 122 of the system 100 of the present
invention is the same as the cooler plate 22 shown in FIG. 1,
the back side of which faces a manifold head (not shown).

In the system 120 of the invention, uniformity of plasma
density is achieved by providing the gas holes 138a,
1385, .. .138p ofthe showerhead 120 with a special geometry
that makes it possible to adjust the gas permeability of the
showerhead 120. In other words, this special geometry may
change the density of plasma along the radius of the shower-
head so that plasma density is maximal at the center of the
plasma bulk, minimal at the periphery, and gradually
decreases in the intermediate portion toward the periphery.

As shown in FIG. 8, which is a fragmental cross-sectional
view in the radial direction of the showerhead 120, the gas
holes 138a, 1385, . . . 138p are modified on the back side of
the showerhead 120 and are converted into the nozzles 1384',
1384' . . . 138p'". The pattern of the gas holes 138a, 1385, . . .
138p is divided into a plurality of zones, three in the system
illustrated in FIGS. 7 and 8, with showerhead permeability
maximum at the periphery, gradually decreased towards the
central area in the intermediate portion, and the lowest per-
meability at the central area.

As mentioned above, on the inlet side 12056 (FIG.7),1.e.,on
the side of the showerhead 120 that faces the gas-accumulat-
ing reservoir 124 (FIG. 5), the holes are modified into conical
nozzles 1384', 1384, . . . 138p’that are formed as countersinks
on the inlet side 1204'. The nozzles 138a', 1385', . . . 138p’
may extend from the peripheral part of the showerhead 120 to
the central area of the showerhead, but, if necessary, several
gas-distribution holes in the central part of the showerhead
120, such as passages 138-1', 138-2', etc., which are shown in
FIG. 7, may remain intact, i.e., without formation of conical
nozzles.

The geometry ofthe conical nozzles 1384',1385', ... 138p’
(FIG. 8) is defined by angle @ @ @ of of the cone that gradu-
ally increases from the central area of the showerhead toward
the edges and depends on radial distance R of the showerhead
from the showerhead central axis C-C.

The inventors herein have found that the following depen-
dence exists between the angle 0, radius R of the showerhead,
hole depth 1,,, and hole d,:

(14bR)=[1-1/{1-[(2l tan 0)/dg] ™12 1)
where “b” is a coefficient that depends on the power source
frequency, pressure in the plasma, type of processing gas, etc.
For each specific design of the system and parameters of
plasma process, in formula (1) the coefficient “b” and values
of'1,, and d,, are constant, and the angle 0 depends only on
radius R.

The gas-hole geometry described above will uniformly
increase the gas flow from the peripheral zone and linearly
through the intermediate zone to the central area, while the
gas flow through the central zone stays unchanged. Such
modification allows redistribution of gas density and enriches
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plasma density and ion flux proportionally with RF power
losses, thus equalizing the density of the ion flux responsible
for uniformity of etching.

The effect of ion flux equalization is shown in FIGS. 9a, 95,
9¢, 9d and FIGS. 104, 105, 10c, 104, wherein FIGS. 9a, 95,
9¢, 9d relate to a conventional showerhead-cooler system, and
FIGS. 10a, 105, 10c, 10d relate to the showerhead-cooler
system of the invention. In these drawings (a) shows the
system, (b) shows distribution of RF power density over
radius R, (c¢) shows distribution of gas density over radius R,
and (d) shows ion flux density.

In FIG. 95 we can see nonuniform distribution of RF power
from the central area to the edges of a conventional shower-
head but only with increased diameters of the gas holes.

The gas flow (FIG. 9¢) remains uniform according to the
uniform geometry of the gas holes in the showerhead (FIG.
9a). However, the ion flux density is decreased from the
central area to the edges.

The geometry of the showerhead 120 modified according
to the invention (FIG. 10a) with conical nozzles 138a,
1385, . .. 138p having angles increasing from the central area
to the edges of the showerhead provides increase of gas flow
density from the central area to the edges. As a result, in spite
of the same nonuniform distribution of RF power, ion flux
density and responded etching uniformity are equalized from
the central area to the edges of the wafer (FIG. 104).

However, as mentioned earlier, the geometry of some large
nozzles may coincide with the geometry of the so-called
hollow cathode that occurs in the intensive high-current RF
electron and ion systems and causes the phenomenon known
as “hollow cathode discharge.” In other words, since the gas
holes are modified, in the presence of electrical fields used,
for example, during plasma launching, hollow cathode dis-
charges may be triggered within the gas holes 138a,
13856, . . . 138p (FIG. 5), especially in the nozzle areas (FIG.
8). In plasma processing, such hollow cathode discharges
may lead to plasma power loss and particle generation due to
erosion of the showerhead material. A parasitic plasma dis-
charge can occur in the nozzle in the vicinity of the side walls
of the nozzle.

The parasitic discharge triggered by these instabilities may
occur during the above-described processes on the back side
surface 120q of the showerhead 120, especially on the sharp
edges of the entrance to the gas holes (FIG. 8), and the nozzles
increase this risk to a greater degree.

The electrons generated by this discharge can oscillate
inside the cavity of the nozzle. The oscillating electrons cause
multiple ionization, thereby generating dense parasitic
plasma.

The RF-powered parasitic hollow discharge is a source of
ions that can bombard the surface of the nozzle. This bom-
bardment causes a secondary electron emission and heating
of the surface with thermal ionic emission. The emission of
secondary electrons contributes to the total electron density
and further enhances the hollow cathode discharge. More-
over, charged particles generated by the hollow cathode dis-
charge spread in the gas flow and carried by the gas flow can
penetrate through the gas holes into the processing plasma. If
these particles are ejected from the gas holes, they cause local
enrichment of plasma density in the vicinity of the outlet of
the passages. Such local enrichment attracts high-energy ions
from the bulk plasma during the half-cycle when the show-
erhead becomes negative to the plasma bulk. The bombard-
ment of the edges at the exit of the gas holes by these ions
develops craters that can be 2 to 3 mm deep. Products of
erosion deposited on the surface of the showerhead contami-
nate the wafer.
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FIG. 11 is a sectional view of a part of the system of the
invention that illustrates development of the parasitic hollow
discharge and the protective mechanism of the invention pro-
vided by the conical nozzles. FIG. 11 shows that the geometry
of gas holes in the showerhead of the present invention dras-
tically increases the gas-gap depth 300 and prevents the gas
reservoir from arcing under unstable conditions.

The picture also illustrates development of the parasitic
hollow discharge that started after bombardment of the sur-
face of the nozzles 301 by the heavy ions 302 generated as a
result of ionization of the molecules 303 of the processing gas
injected through the gas passages 305 of the cooler plate 306
into the gas reservoir 307. These ions knock out the secondary
electrons 308 that, in turn, strike the developed large surface
ofthe nozzles and initiate an avalanche emission transformed
into the hollow discharge. The charged species 309 carried by
the gas flow 310 penetrate the gas holes 311 in the shower-
head 312. Being injected into the processing plasma dis-
charge 313 between the showerhead 312 and the wafer 314,
they enrich the plasma sheath 315 in the vicinity of the outlets
316 of the holes 311. Thus, the plasma density in the vicinity
of'the outlets of the gas holes 311 is increased, developing a
plasma electron layer 316' with high electron density.

Initially, the gas flow 310 is just a carrier of the charged
species generated by the hollow discharge in the vicinity of
the nozzle. However, during the period of positive potential
on the showerhead 312 after development of the craters, the
electrons of the processing plasma discharge 313 penetrate
into the gas holes and ionize the gas flow 310 in these holes,
and covert the gas flow into a high-temperature plasma torch
319' that causes erosion on the outlets of the holes and deep-
ens the craters 319 up to 3 mm. This deteriorates the total
plasma density distribution and uniformity of the ion flux
317. As a result, plasma etching of the wafer 314 in the areas
in front of the outlets 316 becomes nonuniform.

The craters 319 reduce the lifetime of the showerhead 312
that needs to be re-polished for re-use, whereby the thickness
of'the showerhead 312 is decreased from 10 mm up to critical
8.5 mm. As a consequence, the length of the gas holes 311 is
shortened, gas resistance drops, and the vacuum communica-
tion between the processing chamber and the gas reservoir
exceeds the critical value. The showerhead 312 also becomes
fragile, and tightening of the screws for assembling the show-
erhead 312 with the cooler plate 306 may break the silicon.
Sputtering of the material at the edges of the outlets generates
a dust cloud 320 in the plasma and contaminates the wafer by
deposition of the so called “black silicon grass.” In other
words, the parasitic hollow discharge appears to be an
obstacle to enhancing the uniformity of plasma etching
through invented geometry and distribution of the nozzles at
the entrances of the gas holes.

In accordance with the present invention, the above prob-
lem is solved by coating the backside of the showerhead,
especially the entrance into the nozzle, the throat of the
nozzle, and even partially the inner surface of the gas hole,
with an insulation coating that is characterized by high resis-
tance to electrical breakdown and to chemical corrosion. In
addition to corrosion resistance, this coating should with-
stand thermal cycling during the plasma-etching process
when the temperature of the showerhead increases to 800° C.
The inventors herein have found that the coating material that
can withstand the above-mentioned severe condition is
yttrium oxide (Y,0;). In the system of the invention, the
yttrium oxide coating may have a thickness in the range of 2
pm to 10 um. Since the above-described geometry of gas
holes with nozzles on the inlet side is inapplicable without the
use of a protective coating that is resistant to electrical break-



US 9,275,840 B2

23

down and chemical corrosion, such a coating must be con-
sidered as an indispensable part of the present invention.

Furthermore, a conical nozzle facilitates manufacturing
and provides flexibility in converting the existing design to
one with a higher flow rate without major redesign. Such a
geometry can be easily performed using standard countersink
drill bits, e.g., with 10° to 60° convergent half-angles. The
configuration of this conical nozzle is shown in FIG. 8. The
narrow end of the nozzle comprises the nozzle throat that has
the same cross-section as the gas hole of the showerhead and
has the same diameter d, that ranges from 0.5 mm to 1 mm,
while at the entrance end on the back surface of the shower-
head the nozzle may have a diameter d; that is one and
one-half to four times greater than the diameter d,. However,
the diameter d; must be limited by the contours of the neigh-
boring nozzles on the back side of the showerhead. In other
words, the sum of radiuses of the neighboring nozzles on the
back side of the showerhead should not exceed the distance
between the central axes of the neighboring gas holes. In FI1G.
8, the line C1-C1 is the central axis of the showerhead. The
angle of the nozzle convergent cone section 6 may range from
0to 120°.

The function of the nozzle is to convert the slow gas flow in
the gas-accumulating reservoir into high-velocity gas flow
through the gas hole. The flow of gas through the nozzle is
driven from the high pressure p, developed in the gas-accu-
mulating reservoir at the nozzle entrance toward the low static
pressure p, in the processing chamber. The flow through the
nozzle is different from the flow through the gas hole because
of'the gradual decrease in cross-sectional diameter, whereby
the flow rate through the nozzle may be ~2.75 times higher
than the flow rate through the passage.

FIG. 12 illustrates a mechanism of distribution of gas flow
201a, 2015 . . . 201s with different flow rates ejected into the
processing chamber (not shown in FIG. 12) under a pressure
P1 from the gas holes 203a, 2035 . . . 203s of the showerhead
204. Such nonuniformity of gas flow is provided by funneling
the entrances of these gas holes with the use of nozzles 206a,
2065, . ..206s formed on the back side 207 ofthe showerhead
204.

As mentioned above, the angle 6 varies with increase from
the central area of the showerhead 204 to the edges. The
central gas holes may even have 8 equal to zero. This is shown
in FIG. 12 where there is no nozzle at the entrance to the gas
hole 203a. In FIG. 12, reference numeral 209 designates a
cooling plate, and 210 designates a gas-accumulating reser-
voir where gas is maintained under pressure P2. The cooling
plate 209 supplies the reservoir 210 with a processing gas
through the gas holes 211qa, 21154, . . . 2115 with a uniform
geometry and uniform distribution of gas flow 212. If the gas
holes were uniform in diameter without conical nozzles, only
apart of the flow (known as “core flow”) would penetrate the
gas holes. Because the diameter of the gas holes 2034 is much
smaller than the gas entrance diameter on the nozzles of other
holes, this creates resistance to the inlet flow of the gas mol-
ecules. In FIG. 12 such a hole is the central gas hole 203a,
which does not have a conical nozzle like the other gas holes
2035 to 203s. Small arrows show the direction of gas mol-
ecules. The aforementioned resistance prevents vacuum com-
munication between the processing chamber (not shown) and
the gas reservoir 210. It can be seen that the gas molecules of
the core flow have vector velocity normal to the back-side
surface of the showerhead 204. Because of limited gas trans-
mission through the gas hole 2034, the majority of molecules
of the gas flow with the vector velocities different from nor-
mal are deflected from the core flow and fill out the gas
reservoir 210 with chaotic movement.
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The gas molecules deflected from the core flow are appar-
ently dwelling in gas layers A, B, and C inside the reservoir
210. Molecules of level A that are nearest to the back-side
surface of the showerhead 204 have a higher probability than
molecules of layers B and C. However, according to the
invention, acceptance of gas molecules by the gas holes is
changed by funneling the gas-hole entrances and thus
increasing the cross-sectional area for penetration of local
molecules from the layer A into the respective gas hole. As a
result, the outgoing gas flow and, hence, the gas-flow velocity
is increased and the value of this velocity will depend on the
cone angle and the new length of the gas hole.

Of course, such funneling reduces gas resistance, and the
depth of the nozzle should not exceed a threshold value at
which permeability of the showerhead becomes so high that
pressure in the processing chamber as well as in the gas
reservoir becomes unstable. As mentioned above, the flow of
gas through the nozzle is driven by pressure difference
between a pressure P1 developed in the gas-accumulating
reservoir 210 (FIG. 12) at the nozzle entrance and static
pressure P2, which is lower than P1 and exists in the process-
ing chamber. Due to the provision of conical nozzles, the flow
rate through the conical nozzles may be ~2.75 times higher
than the flow rate through a conventional gas hole where the
cone angle is zero.

If the angle of a nozzle is increased to 60 degrees, gas
molecules from layer B will have the probability of approach-
ing the entrance of the hole and will have passage through this
hole together with the core flow and flow through layer A.
Next, at angle 120 degrees, the cross-sectional area becomes
so large that the gas molecules from layer C, which is furthest
from the surface of the showerhead 204, can be transported
through the gas hole (such as hole 203s) together with mol-
ecules of the core flow, and flows from layers A and B thus
increasing the total flow rate. In the manner described above,
permeability of the showerhead will be nonuniform and can
be controlled from the central area to the periphery according
to linear as well as nonlinear law.

Let us assume that gas flows down through the gas hole
having a cross-sectional area A, with a velocity V| and that
the flow encounters a change when passing through the cross-
sectional area A, of the throat. In this case, the gas velocity
changes in accordance with the following formula:

Vo=[1-(d2/4,)"17 " [2(p,-p2)/ p) >

where B is gas density.
Since mass flow rate M is a product of gas density, flow
area, and velocity, the following can be written:

@

M=p4,V, 3

Because the flow areas are proportional to their diameters

in the power of two, and because the diameter at the nozzle
entrance can be presented as

dy=dy+2lytan @

where 1, is depth of the convergent profile, d ; is diameter of

the gas hole, and 8 is the semi-cone angle of the nozzle, the
mass flow rate can be presented as follows:

M=[u(d ) /4111~ 1{ 12l tan 8)/dp] 1~ [2p(p1-
1" ®
In order to enhance uniformity of ion flux density, the mass

flow is supposed to be changed as a function of radius of the

showerhead:
MR=My+My(1+bR)+ M., 6)

where M, is minimal mass flow rate for the area of the show-
erhead where 8=0 no nozzle) from radius 0 to 50 mm, and
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M,,,... is maximal mass flow rate with 6, ,,=60° for the area
from radius R=150 mm to R=280 mm and b=2.75x1072.
In the intermediate area from R=50 mm to R=150 mm, the
nozzle angle is a function of radius R and can be found
from the following expression:

((1+BR)=[1-1/{1-[(2l tan 0)/dg] Y12 1)

The nozzle is usually made long enough such that pressure
in the reservoir is reduced at the nozzle throat to the pressure
inside the gas holes.

The present model is based on the fact that the converging
nozzle operates steadily, thus the stagnation conditions of
pressure and temperature in the gas-accumulating reservoir
or the plasma chamber upstream of the converging nozzle are
homogeneous and continuous.

If the cone-shaped nozzle had been absent, penetration of
the gas into the gas holes would have been performed under
conditions of sharp, local pressure change. In opposite, the
nozzle facilitates smooth entrance of gas molecules from the
larger area of the reservoir and contracts this flow. In order to
control gas flow through the nozzles with conical entrances,
angle 6 must be variable in the radial direction of the show-
erhead. This is required because the radial velocities of gas
decrease to the central area and in the central area is equal to
zero. Thus, for the system of a 450-mm wafer, angle 6 may be
equal to zero in the central area, i.e., in the area of the show-
erhead from the central area to R about 50 mm where RF
power is maximal. At the same time, angle 6 should be lin-
early increased from 6=0 to 6 about 120° in the area with R
between 50 mm to 150 mm, and should be equal to 120° inthe
area with R of ~150 mm to ~240 mm where RF power is
minimal. Such geometry will change radial distribution of the
gas flow injected into the plasma bulk.

As mentioned above, a commensurable rule of similarity
proven in the past cannot be applied to a situation in which the
wavelength and size of the showerhead become approxi-
mately of the same order. Nonuniformity of plasma density
and the followed nonuniformity of ion flux responsible for
etching large-area wafers are caused by nonuniform RF
power deposition into processing plasma. This can be cor-
rected, and the correction tool that is often used in plasma
technology is controlled gas distribution. In a very rough
approach it can be designed inversely proportional to the RF
power deposition, but in a fine approach it can be found
experimentally through funneling of the gas holes. Gas sup-
ply should be reduced smoothly in the central area where RF
power distribution density is high and should be increased
and abruptly boosted in the middle and at the periphery.

Increasing the gas flow rate in the direction from central
area of the showerhead, especially close to the edge, can
increase gas density in this area and intensify ionization
around the periphery of the showerhead in comparison to the
central area where gas flow remains unchanged. Thus, plasma
density at the periphery can approach plasma density in the
center just by adding gas flow in this area. By forming nozzles
at the entrance to the gas holes and by controlling the geom-
etry of the nozzles, we can smoothly increase ionization in the
intermediate area between the center and periphery of the
showerhead and equalize the ion flow even at such compli-
cated initial distribution as the Bessel function. Thus, it will
be possible to adjust the distribution of plasma density to a
uniform level across the entire showerhead.

In the plan view of the showerhead (FIG. 6), the passages
having the nozzles of the same geometry are arranged cir-
cumferentially on a common circle and with an equal pitch
from each other. In order to prevent overlapping, the sum of
radiuses of the neighboring nozzles should not exceed the
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distance between the central axes of the neighboring pas-
sages. At the same time, the maximal depth L (FIG. 8 of the
nozzles) also must be considered for the possibility of subse-
quent refurbishing by re-polishing the surface of the shower-
head on the processing side. This is important in view of the
high manufacturing cost of silicon and machining. As the
showerhead is re-polished, the thickness of the showerhead
decreases, and the throat of the nozzle approaches the pro-
cessing surface. Thus, control of showerhead permeability
used in this invention as a tool for adjustment of uniformity in
plasma density cannot exceed a threshold at which the bal-
ance between pressure in the processing chamber and the gas
reservoir is violated. Moreover, in the course of RF treatment
at positive potential on the showerhead, short gas holes may
become permeable to leakage of electrons from the process-
ing plasma into the gas reservoir. Therefore, taking into
account at least two refurbishing by polishing of the process-
ing surface of the showerhead, the length of the holes pro-
vided with nozzles should be no less that 5 to 6 mm.

Because the reactive component of the impedance of the
gas reservoir is too high, almost the entire RF power should be
transported through ohmic contact with the cooling plate at
the periphery of the showerhead. However, in case of mis-
matching when the frequency becomes too high, the gas
reservoir becomes a total conductor and the transfer of RF
power may occur mainly through the gas gap.

However, if the RF generator is mismatched, the RF cur-
rent fluctuations may have much higher frequency than the
critical frequency. Such situations must be taken into account
at a design stage for providing a gas gap that could withstand
the above condition. In other words, even arcing in the pro-
cessing chamber, which abnormally lowers the reactive com-
ponent of gas-gap impedance and causes high RF power leaks
through the gap, can be withstood if the gas gap has a correct
dimension.

Because this gas gap is very sensitive to any instabilities, in
conventional showerheads the depth of the recess in a cooler
plate is designed according to the Paschen’s Law, which also
determines pressure in the gas reservoir. According to this
law, the thickness of the gas layer can be determined so as to
prevent occurrence of the discharge during abnormal situa-
tions in an RF circuit. In the present invention, however,
Paschen’s Law is breached by the formation of funneled
nozzles at the entrances of the conventional gas holes since
the funnels increase the depth of the gas gap and thus exceed
the critical breakdown thickness of the gap. Moreover, fun-
neling increases the backside-surface area. The showerhead
becomes more sensitive to different parasitic processes that
could be tolerated prior to funneling.

Other detrimental effects of mismatching are exfoliation of
aliner of the plasma chamber, contamination of the electrodes
by the etching products, deterioration of vacuum conditions,
occurrence of a stray arc corona on sharp edges of the gas
holes on the gas reservoir side, etc. The heavy ions of the stray
discharge bombard the developed surface of the nozzles. Dur-
ing striking they cause ion-electron emission, thus releasing
inner electrons from the bombarded surface. After gaining
energy from the RF field in the gaseous gap between the
showerhead and cooler plate, the generated electrons strike
the surface of the nozzle and cause secondary electron emis-
sion. Now, the entire surface of the nozzles serves as a large
secondary electron emitter (hollow cathode). As a result,
electrical breakdown provoked by microarcs appears to be an
avalanche current in the RF circuit. Such a parasitic hollow
discharge that occurs in the gaseous gap is called a “hollow
cathode discharge.” The hollow cathode discharge consumes
avaluable part of the RF power. [t may completely deteriorate
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the processing plasma, shorten lifetime of the showerhead,
and violate purity of etching. The gas flow ionized by the
hollow cathode discharge becomes a carrier of some seed-
charged particles that enrich the electron plasma density in
the vicinity of the gas hole exits. Furthermore, the plasma
sheath bordering the processing surface of the showerhead in
the vicinity of the hole exits deteriorates as well. High elec-
tron density in the vicinity of the gas hole exits attracts high-
energy ions from the processing plasma. These ions bombard
the sharp edges of the holes and sputter silicon. At the same
time, highly active radicals of the processing plasma provide
intensive etching, and the edges of the holes are quickly
eroded, therefore deepening the conical geometry up to the
craters with a depth up to 3 mm. Gas resistance of the holes
decreases, and the flow of gas through the craters increases.
The eroded silicon dust is charged in plasma and moves to the
edge of the showerhead. Being deposited on the periphery of
the showerhead, it creates black silicon that contaminates the
wafers. The charged species from the processing plasma meet
the ionized gas ejected from the gas holes and enrich the
weakly ionized gas flow that exits into the processing cham-
ber. During some conditions the flow increases because of the
erosion of the gas holes into high-temperature torches that
destroy the gas hole exits on the processing chamber side.

Thus, under mismatched conditions, the system of the
invention for improving uniformity of plasma density by
controlled gas distribution becomes counterproductive and
may worsen the plasma etching process.

Funneling, alone, may be insufficient without protecting
the back side of the showerhead, and especially the surfaces
of'the nozzles and partially the inner surfaces of the gas holes
by coating these surfaces with a film highly resistant to elec-
trical breakdown, plasma chemical corrosion, flaking, and
thermal shocking. This coating should also be applied onto
the inner surfaces of the gas holes as deeply as possible and
should bond to such surfaces as strongly as possible. There-
fore, the heat that provides the deposition should be delivered
into the gas holes as deeply as possible.

It has been experimentally found that a chemical plasma
corrosion-resistant coating with a thin film of yttrium oxide is
the best selection for accomplishing the above goal. As men-
tioned above, if the geometry of the gas holes of the shower-
head is incorrect and violates critical dimensions of the gas
gap, a serious problem, which is known as a “parasitic hollow
cathode discharge.” on the surfaces of the nozzles may occur.
Therefore, these surfaces as well as the inner surfaces of the
gas holes must be protected by a thin insulation layer that
allows RF power to propagate through the hole without dam-
aging the surfaces in the area of the gas gap with electrical
breakdown. Without such protection, the lifetime of the
showerhead may be shortened to a level unacceptable for
industrial application.

It should also be mentioned that in addition to protection
from parasitic discharges, the insulating layer must withstand
thermal cycling during the etching process in which the tem-
perature of the showerhead rapidly rises to 600° C. and then
drops to room temperature. Moreover, the protective layer
also should withstand erosion from highly corrosive process-
ing gases. One of the materials capable of withstanding such
severe conditions is Y,O;. Conventional coatings used for
plasma etching applications are porous, have low adhesion,
and are subject to exfoliation. With a decrease of the depos-
ited layer from microns to nanomicrons, adhesion and density
are improved because of the increase in surface energy.

Nanocoating with Y,0O; forms an effective protective layer
that protects the coated layer from corrosion and at the same
time from arcs and hollow cathode discharge.
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The Y,O,; coating shows the following properties:

Porosity (%): 2%

Density: 5.0 g/cc

Thermal conductivity: 8 to 12 W/m ° K

Hardness: >500 HV 0.3 (by cross-section) Ra (um) 120

Coeflicient of thermal expansion (CTE): 8-9 pm/m/C

Dielectric constant: 12 to 13 (ASTM D 159)

Specific Electrical Resistance: 10 exp 15 Ohm cm

Adhesion: 7,000 psi

Breakdown voltage (V/mm): 2.75x10 exp 6 V/em

Breakdown strength: 3.8 MV cm™

Leakage current density: 10 exp (-6) A/cm 2 at 1.3x10 exp

6 Viem

Impedance: I kOhm

Corrosive resistance:

Lifetime: 1000 h

FIG. 13 is a fragmental sectional view of a showerhead-
cooler system 400 of a semiconductor-processing chamber
comprising a cooler plate 401 and a showerhead 402. Refer-
ence numeral 403 designates a semiconductor wafer located
in the processing chamber S. The tapered surfaces 404 of the
showerhead 402 should be protected by nanocoating 407a of
Y ,0; in order to prevent destruction from the parasitic hollow
discharge in the gas reservoir 405 as well as from sputtering
of the nozzle 406 at the inlet to the gas holes 407 and from
contamination of the wafer 403 by the sputtering products.
Nanocoating is applied to the tapered surfaces 404 of the
nozzles 406 and to a part of the inner surfaces 407 of the gas
holes 408 where the probability of arcing with the hollow
cathode discharge is high. However, coating layers 407a on
the sharp edges are less adhesive and more susceptible to
exfoliation under the effect of mechanical stress and/or ther-
mal cycling. If such coatings exfoliate, the exposed surfaces
will no longer be protected against arcing. The inner walls of
the gas holes also should be coated with a coating layer 407a
at least to the depth of 5 mm from the surface of the shower-
head 402.

An apparatus for application of protective Y,O; coatings
onto the large surfaces of a 600-mm-diameter showerhead as
well as onto the conical surfaces of the nozzles and inner
walls of the gas holes is a subject of another co-pending patent
application of the same inventors (U.S. patent application Ser.
No. 14/164,168 of Jan. 25, 2014).

Although the invention has been shown and described with
reference to specific embodiments, it is understood that these
embodiments should not be construed as limiting the areas of
application of the invention and that any changes and modi-
fications are possible provided that these changes and modi-
fications do not depart from the scope of the attached patent
claims. For example, the angle 8 may vary in a range different
from 0 to 120°. The plasma-resistant coating may be made
from a material different from yttrium oxide, e.g., yttrium-
stabilized zirconium. The system of the invention is described
in application to a wafer having a diameter of 450 mm. How-
ever, the system of the invention is applicable to plasma
treatment of semiconductor wafers or other objects with
diameters that are smaller or greater than 450 mm. The exci-
tation frequency may be different from 150 MHz, which is
used in the description of the invention and may comprise 80
MHz, 40 MHz, etc., however, with different distribution of
gas flow.

What is claimed is:

1. A method for providing uniform distribution of plasma
density in a CCP plasma processing apparatus, the method
comprising the steps of:

providing a showerhead-cooler system of a semiconduc-

tor-processing chamber of the CCP plasma processing
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apparatus for plasma processing of objects, the system
comprising a showerhead having a plurality of through
gas holes and a gas-feeding cooler plate that is connected
to an RF power supply, has an electric contact with the
showerhead and forms with the showerhead a gas accu-
mulation reservoir, one ends of the gas holes being con-
nected to the gas accumulation reservoir, and the other
ends of the gas holes being connected to semiconductor-
processing chamber, the gas-feeding cooler plate being
connected to a source of a working gas and has a plural-
ity of through gas feeding passages that communicate
with the gas accumulating reservoir, the shower head
having a central area and a peripheral portion;

forming onsaid one ends of at least some of the through gas

holes conical nozzles with a cone angle 0 that decreases
in the direction from the peripheral portion to the central
area of the showerhead in the range from 120° to 0°; and

coating the surfaces of the conical nozzles and at least a

part of the walls of the gas holes in the area adjacent to
the conical nozzles with a protective coating resistant to
electrical breakdown and chemical corrosion.

2. The method of claim 1, wherein the protective coating is
an yttrium oxide coating.

3. The method of claim 2, wherein the object is a semicon-
ductor wafer.

4. The method of claim 2, further providing the following
relationship between the cone angle 6 of the conical nozzle of
through gas holes that have the conical nozzles and a radial
distance R of the through gas holes from the showerhead
center:

(X+bR)=[1-1/{1-[(21 tan 0)/dp] 41717 1)
where d ; is a diameter of the through gas hole, 1., is a length
of'the through gas hole, and b is a coefficient that depends on
the parameters of the plasma process.
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5. The method of to claim 3, wherein the wafer has a
diameter of 450 mm.

6. The method of claim 3, further providing the following
relationship between the cone angle 6 of the conical nozzle of
through gas holes that have the conical nozzles and a radial
distance R of the through gas holes from the showerhead
center:

(X+bR)=[1-1/{1-[(2lz tan 0)/dp] T2 1

where d ; is a diameter of the through gas hole, 1, is a length
of'the through gas hole, and b is a coefficient that depends on
the parameters of the plasma process.

7. The method of claim 5, further providing the following
relationship between the cone angle 6 of the conical nozzle of
through gas holes that have the conical nozzles and a radial
distance R of the through gas holes from the showerhead
center:

(X+bR)=[1-1/{1-[(2lz tan 0)/dp] 141712 1)

where d ; is a diameter of the through gas hole, 1, is a length
of'the through gas hole, and b is a coefficient that depends on
the parameters of the plasma process.

8. The method of claim 1, further providing the following
relationship between the cone angle of the conical nozzle of
through gas holes that have the conical nozzles and a radial
distance R of the through gas holes from the showerhead
center:

(X+bR)=[1-1/{1-[(2lz tan 0)/dp] 141712 1)

where d ; is a diameter of the through gas hole, 1, is a length
of'the through gas hole, and b is a coefficient that depends on
the parameters of the plasma process.
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